T HIS PAPER PRESENTS Transneft PJSC's requirements for carrying out technical evaluation and numerical calculation of the stress-strain state in vertical steel tanks as a fundamental constituent part of establishing their technical condition. Basic methods are discussed for conducting testing and studies of metals and corrosion-protection coatings in tanks. The main directions for developing the system for evaluating the condition vertical steel tanks are described.
G
UARANTEEING RELIABLE, SAFE, AND accident-free tank operations is considered one of the most important constituent parts of the pipeline transportation system, and requirements for this are stipulated in the Russian Federation's legislation 116 -FZ (Federal Law) On the industrial safety of hazardous production facilities. These requirements are met by maintaining the safety of tanks' operation, which is in turn strengthened by the requirements of federal laws, technical regulations, and national and industry standards. The requirements of these regulatory documents can be combined in one system: evaluating the technical condition of vertical steel tanks.
The constant improvement to instruments and methods of carrying out technical assessments, and the use of computer modelling, are essential components for evaluating the technical condition of vertical steel tanks (hereafter VST) in order to ensure their necessary reliability is maintained, and the costs for inspection, reconstruction, and repair are optimized.
Evaluating a VST's technical condition
The evaluation of the technical condition involves a set of measures including technical assessment and the determination of safe service life, both for tank elements with defects and for the tank as a whole; a general diagram showing how the evaluation of a VST's technical condition is carried out is shown in Fig.1 .
Technical assessment of VSTs
The basis for evaluating a tank's technical condition is the initial data which are obtained from the results of technical inspections and analyses. The technical assessment is a combination of measures to determine the tank's technical condition, character, and the location and causes of any defects found; and to provide data for subsequent analysis, with the aim of allocating repairs and/or establishing the tank's safe service life until the next time such measures are conducted.
The technical assessment of tanks (Fig.2) can be divided into partial technical assessment -where the tank is not withdrawn from operation -and full technical assessment, where the tank is withdrawn from operation for a period from 137 to 254 days, and the tank is cleansed from oil and oil products.
The main methods of conducting the assessments are:
• • studying the design and technical documentation for the tank; • external examination of the structure and the corrosionprotection coating; • geodesic survey, in order to determine any discrepancies between the tank's structure and its design; • acoustic-emission inspection; • visual inspection; • ultrasonic thickness gauging; • non-destructive testing (NDT) of the parent metal using ultrasonic testing (UT) with phased-array technology (PAT), and magnetic testing (MT); • NDT of welds using radiographic testing, UT, leak-detection testing, and dye-penetrant testing; • checking the condition of the corrosion-protection coating;
• inspection of the foundation and substructure of the tank.
These methods are constantly being improved. One example of this improvement can be seen in the introduction of an ultrasonic testing system equipped with a roller PAT sensor by Transneft PJSC (Public Joint Stock Co). This system is used to measure the remaining thickness of the bottom plate sections with corrosion damage, detected as a result of MT, as well as to inspect areas which cannot be reached by MT. This substantially increases the probability of corrosion defects being detected. forms the data set which can be used to measure deviation from the vertical, the level of the annular bottom plate, and to make stress-strain state calculations, among other attributes.
Laser scanning (Fig.3 ) is performed using laser stations which record separate scans that are subsequently combined to form an integrated point cluster. After recording, this cluster is exported into a polygonal model, which is in turn processed by software tools and transformed into a surface on which contours and borders of curvature are marked out. A NURBS surface is then built and generated, and saved in formats used by the software for modelling structures' stress-strain state (IGS, IGES, CATIA, etc.).
The regulatory documentation governing technical assessment is constantly being improved. The guideline document Trunk pipeline transportation of oil and oil products: rules for technical assessment of tanks came into force in Transneft PJSC in 2016, and contains the following basic innovations:
• The interval between a tank's technical assessment is increased, on the condition that additional non-destructive tests are performed during construction. This allows the cost of diagnostic work during a tank's operation to be reduced.
• The document takes into account modern inspection methods, including ultrasonic testing of metal structures UT with PAT.
• Assessment requirements are established for tanks equipped with heat-insulating systems. 
Determining the mechanical properties of materials in a tank's structure
One of the requirements for evaluating a tank's technical condition is for the inspection crew to determine the mechanical properties of the steels in the tank's structure, and their chemical composition, without cutting-out samples.
Determining the chemical composition and steel grade of metal structures under field conditions is performed using mobile spectrum analysers.
The strength characteristics of a tank's metal structure are non-destructively determined by the Brinell hardness test (using mobile dynamic hardness testers).
Determining quantitative structural parameters (grain size, pearlite volume content, etc.) is performed using both portable and stationary optical microscopes (Fig.4) , as well as the replica method.
Based on data for the metal's chemical composition, hardness, grain size, and dispersed particle parameters, the mechanical characteristics of a tank's metal structures are determined. Data for the mechanical properties obtained in these ways are used as initial data in evaluating the tank's technical condition.
In addition to evaluating the tank's metal structure without cutting-out samples, tests and studies of metal structural elements using cut-out samples are carried out in the Pipeline Transport Institute's materials'-testing laboratory during full technical assessments. The characteristics thus determined include: strength and ductility of the parent metal in the structure and of the metal in welded joints, through tensile testing according to GOST 1497 and GOST 6996; impact toughness, through impact bending tests according to GOST 9454 and GOST 6996 [1] [2] [3] with subsequent evaluation of the proportion of the ductile component in the fracture; and quantitative metallographic micro-structure analysis and electron-microprobe analysis of dispersed particles (Fig.5) .
The mechanical characteristics of steels in tank metal structures obtained in this way are used for subsequent calculations of strength, stress-strain state, and service life. 
Numerical calculation of the stress-strain state in a VST
Where there are deviations from design geometry, formed during long-term operation due to the influence of climate or foundation settlement under cyclic loading, the stress-strain state of tank walls cannot be reliably calculated using analytical methods in accordance with current building rules and regulations.
To determine the stress-strain state of tank walls in these cases, calculations are performed using the finite-element methods using, for example, the software packages Ansys and SCAD Office.
The Ansys software package used by Pipeline Transport Institute is the mosteffective tool for computer modelling and tank-strength calculations, as it allows the use of results from the data processing of high-precision laser scanning in a wide spectrum of data formats, thus forming a link between assessment of the technical condition and the definition of conditions for subsequent safe tank operation.
The results of stress-strain state calculation of a tank wall are used:
• to determine the maximum allowable level of filling, with the aim of extending the tank's safe service life (according to the results of partial technical assessment);
• to calculate the subsequent safe service life of a tank with defects in the parent metal and in the welded joints, taking into account actual stress-strain state (according to the results of the full technical assessment).
The algorithm for conducting a technical condition evaluation on a tank enables the safe service life to be calculated and safe operating conditions to be determined. The numerical calculation of the stress-strain state, strength and stability testing of the tank walls, and the evaluation of the acceptability of any defects revealed during the technical assessment, are conducted according to the diagram presented in Fig.6 .
As a result of the stress-strain state calculation, the stresses acting in the area of any detected defects are determined, and a prognostic calculation is made for the safe service life of the tank wall with these defects. Where it is not possible immediately to withdraw the tank from operation, restrictions are established for permissible operation until scheduled repair work can be carried out.
After the calculations are made in accordance with the rules for tank repair and reconstruction, the components which are to be repaired, and the methods of their repair, are identified. The main goal is to identify the repair locations and their minimum extent, or to provide for the replacement of defective components, guaranteeing defect-free future tank operation with minimal cost.
A clear example is the calculation of the actual load-bearing capacity of stationary roofs in vertical steel tanks with pontoons: 20,000 tanks exist with deviations from their design geometry, as a result of long-term operation, identified in the course of inspection of their technical conditions. According to calculated results, the possibility and method of repair have been determined (for example, by strengthening individual elements of the load-bearing frame, or replacing roof shields) in order to restore the roofs' loadbearing capacity (Fig.7) In order to ensure that the conditions are met for the safe operation of domed aluminium roofs, annual monitoring and evaluation of their technical condition are performed, with recommendations being made for safe operating conditions in winter.
At present, the Pipeline Transport Institute is conducting research into two methodologies for calculating the effect of geometric defects on a tank's metal structure, namely:
• Computer modelling, development of a calculation procedure, and recommendations for ensuring the stability of tank walls during the cutting-out of sections and replacement with repair panels, taking into account the actual geometry and the impacts of wind and snow loading.
• The development of a procedure for calculating tank-wall stability, taking into account its actual geometry and evaluating the technical condition.
Up to now these procedures for calculating the integrity of tank metalwork do not exist in Russian or foreign regulatory documents, including at a federal level.
Study of corrosion-protection and thermal-insulation coatings
A research laboratory has been established at the Pipeline Transport Institute, furnished with modern testing equipment capable of carrying out both standard and special tests. The laboratory guarantees quality control for the corrosion-protection and thermalinsulation coatings -of various types and from various manufacturers -by conducting independent tests to confirm the actual characteristics of products used in the Transneft PJSC system.
In addition, the laboratory is supplied with qualified corrosion-protection coating (CPC) and thermal-insulation coating (TIC) inspectors and specialists who, as members of the inspection crews, carry out comprehensive assessments of the condition of tanks' corrosion-protection coatings, entering details of any detected defects into a single coordinate system.
In the period from 2013 to 2015, the technical condition of the corrosionprotection coating in 122 tanks was evaluated, and this revealed discrepancies between their qualitative indicators and the regulatory requirements. Repairs of the defects found in the corrosionprotection coatings of the tanks that were under guarantee were made at the expense of contractors who had carried out the painting. Further tests are planned for 30-40 tanks annually with corrosionprotection coatings.
The main indicators controlling the quality of the corrosion-protection coatings for tanks in operation are appearance, thickness, adhesion, and dielectric integrity. The expert evaluation currently being conducted allows the following results to be obtained in the short term:
• identification of CPC defects in tanks under guarantee and elimination of the defects at the contractor's expense; • monitoring the formation and development of defects, and undertaking effective remedial work; • developing an algorithm for CPC selection during tank construction and extensive repairs, and introducing new materials.
In the course of research into corrosion at Transneft PJSC's facilities, the problem of determining the actual rate of atmospheric corrosion, depending on the geographical location of the operating facilities, is being investigated (Fig.8) .
Over a period of five years, surveys will be conducted at 28 oil-pumping stations with tank farms, and measurements corrosion rates will be made, taking into account both the natural and climatic factors. In this way, a correlation will be made between the environmental impact on the CPC and the laboratory tests, in order to ensure that the test characteristics simulate, both in duration and intensity, the impact of various corrosive conditions on the coated samples. Ultimately, a wellfounded choice of external CPC will be able to be made based on atmospheric corrosion activity.
Proposals for areas of cooperation in evaluating the technical condition of VSTs
Various proposals for evaluating the technical condition of vertical steel tanks have been prepared by the Pipeline Transport Institute which could be used in organizations operating VSTs:
• to develop a programme of technical assessment, aimed at evaluating VSTs technical condition in order to determine the length and conditions of safe future operation;
• to develop the necessary regulatory documentation for conducting the following work:
• rules for technical assessment;
• procedure for laser scanning;
• procedure for evaluating technical conditions;
• procedure for testing the technical conditions in order to extend the period of operation until the next planned technical inspection.
• to support the technical assessment and the technicalcondition evaluation (TCE);
• to prepare reports of the TCE based on results of technical assessment and technical condition testing;
• to develop rules for the reconstruction and repair, taking into account the results of the technical assessment.
Conclusions
The approaches to evaluating the technical conditions of the tanks used at all Transneft PJSC's facilities are examined, as well as the approaches requited to determining their safe service lives. The standards developed for evaluating the tanks' technical condition, and laboratory testing of samples from tanks' metal structures, corrosion-protection, and thermal-insulation coatings, have allowed Transneft PJSC to reduce the frequency of ttank inspections, as well as reducing the amount of materials used for vertical steel tank construction. For future work, proposals for modernizing the evaluation process for vertical steel tanks have been prepared.
